Three experiments investigated cross-modal links between touch, audition, and vision in the control of covert exogenous orienting. In the first two experiments, participants made speeded discrimination responses (continuous vs. pulsed) for tactile targets presented randomly to the index finger of either hand. Targets were preceded at a variable stimulus onset asynchrony (150,200,or 300msec) by a spatially uninformative cue that was either auditory (Experiment 1) or visual (Experiment 2) on the same or opposite side as the tactile target. Tactile discriminations were more rapid and accurate when cue and target occurred on the same side, revealing cross-modal covert orienting. In Experiment 3, spatially uninformative tactile cues were presented prior to randomly intermingled auditory and visual targets requiring an elevation discrimination response (up vs. down). Responses were significantly faster for targets in both modalities when presented ipsilateral to the tactile cue. These findings demonstrate that the peripheral presentation of spatially uninformative auditory and visual cues produces crossmodal orienting that affects touch, and that tactile cues can also produce cross-modal covert orienting that affects audition and vision.
and touch (e.g., Bradshaw, Howard, Pierson, Phillips, & Bradshaw, 1992; Driver & Grossenbacher, 1996; Kilgard & Merzenich, 1995; Sathian& Burton, 1991; Whang, Burton, & Shulman, 1991) .
These studies have revealed that responses to both auditory and tactile targets can be facilitated by the presentation of spatially informative cues (which predict their likely location) in a manner similar to that reported for visual stimuli (e.g., Mondor & Zatorre, 1995; Schroger, Wolff, Tschakert, & Schubo, in press; . The finding that similar mechanisms of covert spatial orienting may exist in different sensory modalities has prompted researchers to look for possible crossmodal links in covert orienting, which might facilitate the coordination of attention to the multimodal objects and events that fill our environments. Two ofthe seminal studies in this area tested for any audiovisual links (Buchtel & Butter, 1988) and visuotactile links (Butter, Buchtel, & Santucci, 1989) in spatial attention, using a variant of the visual cuing paradigm popularized by Posner (1978;  see also Posner, Nissen, & Ogden, 1978) . Participants were required to make a simple speeded detection response to the onset of auditory, visual, or tactile targets presented from either the left or the right of fixation. Every target was preceded by a peripheral cue in the same or a different modality, presented at stimulus onset asynchronies (SOAs) in the range of50-1,000 msec. The cue was presented from the same position as the subsequent Copyright 1998 Psychonomic Society, Inc. 544 target on the majority (80%) of unilateral-cue trials and was thus spatially informative. Performance on these "valid" trials was compared with that on "invalid" trials (20% of unilateral-cue trials), where cue and target were presented contralaterally, and also compared with performance on "neutral" trials, where peripheral cues were presented on both sides of fixation simultaneously. Detection latencies for suprathreshold visual and tactile targets were faster following valid cues in either vision or touch than following neutral and invalid cues, across all SOAs tested (Butter et al., 1989) . In addition, visual detection latencies were also significantly facilitated by valid auditory cuing (Buchtel & Butter, 1988) . These results were interpreted as showing the existence of some cross-modal links in covert attention, such that the presentation of a peripheral cue in one modality can lead to cross-modal shifts of visual and/or tactile attention in the direction ofthe cue. By contrast, no validity effects were reported for auditory targets following the ipsilateral presentation of either auditory or visual cues.
Several potential methodological problems with Buchtel and Butter's pioneering studies (Buchtel & Butter, 1988; Butter et al., 1989) have since been raised (e.g., Spence & Driver, 1996) , which render the interpretation of both their positive cross-modal findings for visual and tactile targets and their null effects for auditory stimuli somewhat problematic. First, while the simple detection ofauditory targets is often uninfluenced by spatial cuing (e.g., Hugdahl & Nordby, 1994; Posner, 1978; Scharf, Quigley, Aoki, Peachey, & Reeves, 1987; ; though see Buchtel et al., 1996) , several subsequent researchers have argued that this may be simply because detection latencies provide a relatively insensitive measure of the spatial distribution ofattention for the particular case of hearing (see Rhodes, 1987; , since detection in audition may be based on early nonspatiallevels of the system. As such, Buchtel and Butter's (1988) failure to demonstrate any effect of visual cuing on auditory detection latencies may merely reflect the use of a relatively insensitive measure for the distribution ofauditory attention, rather than having any general implications for cross-modal links in attention. Second, it is uncertain whether the cross-modal facilitatory effects reported for visual and tactile targets reflect an increased sensitivity to stimuli at the cued location, caused by a cross-modal shift of attention to the cued side, or merely a criterion shift caused by participants' lowering their criterion for responding to events occurring at the expected target location (see Duncan, 1980; Shaw, 1984) .
Perhaps the most serious problem in interpreting Butter et ai. 's (1989; Buchtel & Butter, 1988 ) studies unambiguously stems from their use of spatially informative cues. It is possible that participants may simply have used the cue as an instruction to shift their attention strategically to the probable target side, within just the expected target modality. If so, identical unimodal shifts of attention might have been elicited, for example, by a central arrow cue pointing to one side or by a purely verbal instruction to focus attention on a particular location. Consequently, the actual modality and position of the cues used in Buchtel and Butter's (1988; Butter et al., 1989) studies may have been irrelevant to the cuing effects observed, and, as such, they may have no direct implications for the existence ofcross-modal links in covert orienting (see Spence & Driver, 1996 , for further discussion of this point).
The use of spatially informative cues in Buchtel and Butter's pioneering studies can also be questioned in the light of a common distinction between two putatively different forms of covert spatial orienting, which has been drawn by several unimodal studies of attention within audition and vision. Exogenous orienting is elicited automatically by the presentation of spatially uninformative peripheral cues, which need not predict the likely target location but occur directly at it. This form of involuntary orienting has been contrasted with the endogenous orienting elicited by informative cues, which indirectly predict the likely target location, such as the central arrows commonly used in spatial cuing experiments. Several qualitative behavioral differences have now been found between these two putative forms ofcovert orienting (e.g., Briand & Klein, 1986; Jonides, 1981; Klein, 1994; Schroger et aI., in press; , and neurological evidence also suggests that they may have different neural substrates (e.g., Butter, 1987; Ladavas, 1993; Rafal, Henik, & Smith, 1991 ; see also Robinson & Kertzman, 1995) .
The use of informative and peripheral cues in Buchtel and Butter's (1988; Butter et al., 1989) experiments means that both exogenous orienting (to the location of the peripheral cuing event) and endogenous orienting (to the same location, but only because the subsequent target was more likely to appear there) may have been induced by the cues. It therefore remains uncertain whether any ofthe effects on tactile and visual target detection, if taken at face value, should be attributed to exogenous orienting, endogenous orienting, or some unknown combination of the two.' Given that numerous differences have been reported between these two types oforienting in purely unimodal situations, it seems important to consider potential cross-modal links separately for the cases ofendogenous versus exogenous orienting (see Spence & Driver, 1996 , 1997 . Accordingly, in the present paper, we focus solely on purely exogenous orienting situations (i.e., where the peripheral cues are always spatially uninformative with regard to the likely target location).
Existing research suggests there may be some crossmodal links in the control of exogenous covert orienting between audition and vision. For example, studies ofboth normals (e.g., Klein, Brennan, & Gilani, 1987; ReuterLorenz & Rosenquist, 1996) and parietal patients (e.g., Farah, Wong, Monheit, & Morrow, 1989) have revealed that the speeded detection of visual targets is faster following a spatially uninformative peripheral auditory cue on the same side rather than on the opposite side. Spence and Driver (in press, Experiment 1) recently found an audiovisual spatial cuing effect when participants were required to make a speeded elevation discrimination (up vs. down) for visual targets presented from one of two positions on either side offixation while maintaining central fixation. All targets were preceded by a spatially uninformative lateralized auditory cue at a variable SOA (100,200, or 700 msec) on the ipsilateral or contralateral side to the subsequent target. Participants responded significantly faster on ipsilateral trials at the 100-msec SOA, and this reaction time (RT) effect was accompanied by a trend for fewer errors, showing that participants had not simply lowered their criterion for responding to targets on the same side as the cue. Further experiments with this method have revealed that the advantage for visual judgments immediately following an ipsilateral auditory cue dissipates as the spatial separation between the cue and the target increases, even when both stimuli are presented within the same hemifield (Driver & Spence, in press ). Thus, the cross-modal covert orienting effect has some spatial specificity, and it does not simply apply to one entire hemifield versus the other.
What about the reverse influence, from vision on hearing? Klein et al. (1987, Experiment 6) reported that spatially uninformative visual cues have no effect on simple auditory detection latencies. This null cross-modal influence has since been replicated in a series of studies by Spence and Driver (1997, Experiments 3, 4 , and 6) using their elevation discrimination task (which is particulary sensitive to the spatial distribution of auditory attention; see for sound targets following lateral visual cues. On the basis of these results, Spence and Driver suggested that asymmetrical links between audition and vision may govern exogenous covert orienting, since the presentation of uninformative peripheral auditory cues reliably results in the cross-modal orienting ofcovert visual attention, whereas the spatial distribution of auditory attention is apparently unaffected by uninformative visual cues when eye movements are prevented (though see Givotti & Peri, 1963; Maruyama, 1961; Ward, 1994; and Ward, McDonald, & Golestani, in press , for differing results when eye movements were not excluded). Tassinari and Campara (1996) conducted the only published study (to our knowledge) of cross-modal links in purely exogenous orienting between vision and touch. Participants were presented either with a spatially uninformative tactile cue (a tap on the shoulder) prior to a visual target (the illumination of a square on a screen) or with a visual cue prior to a tactile target (the same stimuli but in the reverse order). They reported no advantage for visual detection latencies on the ipsilateral side ofan uninformative tactile cue at a 200-msec cue-target SOA, although significant cross-modal inhibitory effects were observed at longer intervals on this side (i.e., at SOAs in the range of 600-4,000 msec), suggesting the existence ofcross-modal links in inhibition of return (IOR2; though see Spence & Driver, 1998a , 1998b , for further discussion of these data). In addition, ipsilateral visual cues were reported to inhibit tactile detection at an SOA of200 msec, although there was little evidence for such cross-modal lOR at the longer intervals.
The absence of any early advantage on the cued side in Tassinari and Campara's (1996) study should not be taken as conclusive evidence against cross-modal links in early facilitatory components of exogenous orienting for the case of vision and touch, because the cue and target stimuli were presented from very different spatial 10-cations, even when on a common side. This means that any cross-modal facilitatory effects that were present at the cued location itselfmay simply have dissipated at the large ipsilateral cue-target separations that were examined, as found by Driver and Spence (in press) in their audiovisual cuing study. We attempted to examine all possible links in exogenous covert spatial orienting between touch and the other modalities (audition and vision) in the present series ofexperiments, while ensuring that ipsilateral cues and targets were always presented from common external positions, across the modalities, to minimize the chance that we might miss any early advantage for targets on the cued side.
All our experiments had the following critical features: (1) The peripheral cues were always spatially uninformative, so that only exogenous mechanisms should be involved. (2) All our tasks involved speeded discrimination oflateralized targets, so that accuracy as well as speed could be measured, and, hence, criterion-shifting accounts could be assessed for any cuing effects. (3) The eye movements of a subset of participants were measured in every experiment to rule out the possibility of overt orienting accounting for any cuing effects observed, since it has been demonstrated that merely fixating the appropriate target location can significantly facilitate speeded responses to imperative stimuli, even for tactile targets in complete darkness (Driver & Grossenbacher, 1996; Honore, 1982; Honore, Bourdeaud'hui, & Sparrow, 1989; Larmande & Cambier, 1981) . (4) We concentrated on a range ofshort cue-target SOAs, to maximize our chances ofobserving any early advantages on the cued side due to exogenous covert spatial orienting.
EXPERIMENT 1
In Experiment 1, we investigated whether the presentation of a spatially uninformative auditory cue on one side or the other would lead to a covert exogenous shift in tactile attention to the cued side. Participants were required to make a speeded discrimination (continuous vs. pulsed) for tactile targets presented to either the left or the right index finger. Every target was preceded at a variable SOA by an auditory cue on the same side as the subsequent target (50% of the trials) or on the opposite side (50% ofthe trials). Auditory cues were presented from one oftwo loudspeaker cones situated directly in front of either index finger (i.e., from the same external position as ipsilateral tactile targets). Advantages for targets on the cued side are typically short-lived in exogenous covert orienting o = Tactile studies, lasting for only 200-300 msec after cue onset within hearing and vision (see , 1997 . We therefore used a range of short SOAs in the present study to maximize the possibility ofdetecting any such early cross-modal cuing effects. The potential influence of cross-modal links on the phenomenon of lOR, which can dominate at longer interstimulus intervals, has recently been documented elsewhere (e.g., Spence & Driver, 1998a , 1998b ) and so was not examined here.
Method
Participants. Sixteen unpaid first-year psychology students at the Umversity of Melboume were recruited through advertisement to participate in this experiment for course credit. All of the participants (5 men and 11 women) were right-handed. Their mean age was 20 years, with a range of 17-38 years. The participants in this and subsequent experiments were naive as to the purpose ofthe studies. All reported normal hearing and touch, and normal or corrected-tonormal vision. The experimental session lasted approximately 55 min.
Apparatus and Materials. The participants were seated at a table in a darkened room, with their arms resting on the tabletop, facing straight ahead. Head movements were precluded by an adjustable chinrest and nose brace. A green LED was used as a fixation point, placed directly in front ofthe participant. Auditory cues were presented from one oftwo loudspeaker cones (12.7 em in diameter) situated at an eccentricity of41 0 from fixation on either side. The fixation light and loudspeakers were located on a virtual circle (with a radius of 50 em) centered on the participant's head at eye level. Highly localizable auditory cues were used, each consisting ofthree 15-msec bursts of white noise presented at 30-msec intervals, at an intensity of90 dB(A) as measured from the participant's ear position.
The participants rested the left index finger over a circular aperture in a tactile stimulator placed directly behind the left loudspeaker cone, and the right index finger on a stimulator placed behind the right loudspeaker (see Figure I for a schematic birds-eye view of the experimental setup). Tactile targets consisted otthe presentation ofa circular rod (0.7 mm in diameter) to the underside of either index finger. This rod was raised through the aperture in the tactile stimulator to produce target events (travel time for the rod was 5 msec; the rod was capable of vertically displacing a weight of 5 g). This led to a clear perception that the finger had been lightly tapped. On half ofthe trials, the rod was raised and kept in constant contact with either index finger for 120 msec (a continuous target). On the remainder ofthe trials, the rod was raised (for 10 msec) and then lowered (for 20 msec) four times consecutively (a pulsed target). The participants were unable to see either their hands or the tactile stimulators (which were placed behind a black cloth), to prevent any possibility that visual motion induced by the presentation of tactile targets could influence performance serendipitously. Velcro straps were used to ensure that the index finger ofone hand remained over each aperture throughout each block oftrials. White noise was presented continuously at 70 dB(A) (i.e., at a much lower amplitude than the auditory cues) from a loudspeaker cone situated centrally under the table, in order to mask any slight noises caused by making a response or by the operation of the tactile stimulators. Preliminary testing revealed that the participants were completely unable to detect the sound of these stimulators under such conditions.
The participants were required to depress two foot pedals situated under their right foot throughout each block of trials: one positioned under the toes, and the other under the heel. They had to raise the heel briefly in response to continuous tactile targets, and they had to raise the toes briefly in response to pulsed tactile targets, as rapidly as possible. RTs were measured in milliseconds from target onset using an 82C54 interval-timer chip on a digital input-output card (DCM-16, Blue Chip Technology) that interfaced to the loudspeaker cones, tactile stimulators, and foot pedals. The horizontal position of the left eye of each participant was monitored (see Procedure section for details) by means of an Eye-Trac 200 monitor (Applied Science Laboratories), which relies on the infrared scleral reflectance method. This monitor was connected to the microcomputer controlling the experiment via an analog-to-digital interface board (ADC-42, Blue Chip Technology). Timing of the stimuli and responses was controlled by an IBM 386 compatible microcomputer, using a program written in Turbo Pascal.
Design. There were two blocks of30 practice trials (which were not analyzed), usually followed by five experimental blocks of 144 trials (though 3 of the participants had time to complete only four experimental blocks within their testing sessions). There were 12 equiprobable conditions produced by crossing the three withinparticipant factors of target side (left or right), SOA (150, 200, and 300 msec), and cuing (cue ipsilateral vs. contralateral to the subsequent target). The various conditions appeared in a random order, and equal numbers ofcontinuous and pulsed targets were presented from the left and the right side within each experimental block.
Procedure. The fixation light was continuously illuminated during the experimental session, and the participants were instructed prior to the experiment, and periodically throughout, to maintain fixation on it during each trial. At the beginning of every trial, an auditory cue was presented from either the left or the right loudspeaker cone for 75 msec. After a further delay (unpredictably 75, 125, or 225 msec depending on SOA), the tactile target was presented from the stimulator situated on the ipsilateral side (50% of the trials) or the contralateral side (the remaining 50% of the trials) as the cue. The participants were instructed to discriminate the tactile target as rapidly and accurately as possible with a foot-pedal response, and the trial was terminated if no response was made within 1,000 msec oftarget onset (1,500 msec in the first practice block). If no response was made, or if the response was incorrect, then the feedback signal was presented. This consisted of the pulsed presentation of white noise from both cue loudspeaker cones, together With tactile stimulation from both tactile stimulators, all for six 10-msec bursts separated by 30-msec intervals. There was a 2,000-msec interval between the onset ofthe target 1D one trial and the onset ofthe auditory cue on the next trial. The participants were mstructed to ignore the auditory cues as much as possible, because they were spatially uninformative with regard to the likely location for tactile targets. The eye-movement monitor was calibrated to provide a signal to the computer whenever an eye movement 00°or more was detected in the period between the onset of the cue and the initiation of a manual choice response. This was the smallest signal that we could reliably detect across participants with the apparatus; however, note that, in any case, the peripheral auditory cues and tactile targets were located very far from central fixation (at 41°). The monitor was recalibrated to confirm true "straight-ahead" at the beginning of every block and also during a block iffixation ever appeared to drift from the calibrated center point. Trials on which potential eye movements were detected (note that blinks sometimes resulted in signals that were indistinguishable from actual eye-movement signals) were automatically excluded from the analyzed data.
Results
All participants performed the tactile discrimination task at over 85% correct. Trials on which an incorrect response occurred were discarded from the RT analysis. Trials on which a response was made prior to target onset, or where no response was made within 1,000 msec of target onset (when the trial was terminated) were also discarded, leading to the removal of 4.5% of the trials. Due to excessive eye movements, 2.4% of trials were also removed. The interparticipant mean of participants' median RTs (after these exclusions), together with the corresponding error rates for all trials, are shown in Table 1 . 3 The data were analyzed using a within-participant analysis of variance (ANOVA), with three factors [target side (2) X cuing (2) X SOA (3)]. In the RT analysis, there was a main effect of SOA [F(2,30) 
with the participants responding more rapidly to targets presented at the longer SOAs (the conventional "alerting" effect; see Niemi & Naatanen, 1981; . There was also a main effect ofcuing [F(I,15) = 9.0,p < .01], caused by the participants' responding more rapidly overall on ipsilateral trials (M = 594 msec) than on contralateral trials (M = 603 msec). There was no interaction between SOA and cuing [F(2,30) < 1, n.s.], suggesting that the facilitation ofperformance on ipsilateral trials was consistent at all three SOAs tested (though the results of r-test pairwise comparisons at each SOA are shown for completeness in Table 1 ). None of the other effects or interactions was significant. An analogous ANOVA on the error data revealed no significant effects or interactions. The participants made as many errors on ipsilateral trials as on contralateral trials overall (M = 5.1% for both conditions).
Discussion
The presentation ofa spatially uninformative auditory peripheral cue in Experiment 1 led to an advantage in the discrimination (continuous vs. pulsed) of tactile targets presented from the same position, relative to targets presented contralateral to the cue. The participants also made fewer errors on ipsilateral trials than on contralateral trials at the 150-msec SOA, allowing us to rule out a simple criterion-shifting account of the cuing effect in RT at this interval. Nor can overt orienting toward the cue explain the present RT effects, because all trials on which an eye movement might have occurred were removed from the analysis of the data. Therefore, these data unambiguously demonstrate that the peripheral presentation ofan auditory cue can result in the cross-modal orienting ofcovert tactile attention toward the cued side. Because the cue was spatially uninformative with regard to the likely target location, purely exogenous orienting mechanisms are presumably involved.' This result therefore extends previous findings, which have shown that auditory cues lead to the covert cross-modal exogenous orienting of visual attention, as well as to intramodal auditory orienting , 1997 . The results of Experiment 1 show, for the first time, that auditory events can also attract covert tactile attention. In Experiment 2, we examined whether spatially uninformative visual peripheral cues could similarly lead to the cross-modal exogenous orienting of tactile attention.
EXPERIMENT 2 Method Participants. Seventeen (11 men and 6 women) naive participants were recruited through advertisement at the University of Cambridge to take part in this experiment. Their mean age was 23 years, with a range of 18-35 years. All but I of them were righthanded. Eight of the participants had their eye movements monitored to ensure that overt orienting toward the cue could not account for ariy cuing effects observed. All participants were paid £4 (approximately $7 U.S.) for their participation.
Apparatus, Materials, Design, and Procedure. A yellow LED (luminance of 41.4 cd/rn-) was used as the fixation point, placed 48 em from the participant's eyes, at an angle of 33°below eye level. 5 Visual cues consisted of the illumination ofa single red LED (luminance of 64.3 cd/m-) for 90 msec on one or the other side. These cues were placed at the same elevation as the fixation light, and at an eccentricity of 1SO (12.9 em) to either the left or the right offixation (see Figure 2 for a schematic bird's-eye view of the experimental setup). The participants rested their forearms and hands, palms downward, on a board placed directly in front ofthem. They were required to press the tip of the left index finger over the upper end ofa small hole situated directly behind (from the participants' viewpoint) the left target LED and to press the right index finger over an aperture situated directly behind the right target light. Tactile targets were presented using 12-V solenoids (with a rise time of approximately 25 msec), one placed directly below the aperture on either side. A plastic rod with a blunt conical tip (2 mm in diame- ter at the extremity) was attached to the end of the plunger located in each solenoid. The plunger was raised so that the tip of this rod came up through the hole and into contact with the participant's finger, with a pressure of about 109. Rubber bungs were used to dampen the sound made by the action of the solenoids. The participant's arms were placed under a black cloth, and velcro straps were again used to ensure that the index fingers remained over the apertures ofthe tactile stimulators throughout each block oftrials. Continuous tactile targets consisted of the rod being raised against one of the participant's fingers for a duration of 210 msec, and pulsed targets consisted of the rod being raised three times for 30 msec at 90-msec intervals. The participants were presented with white noise over headphones at 92 dB(A) throughout every experimental block, to mask any sound made by the operation ofthe solenoids or the foot pedals. All noises were attenuated further by approximately 26 dB via the additional use of plastic earplugs. Preliminary testing again revealed that the participants were completely unable to detect the sound ofthe tactile stimulators operating under these conditions. An Eye-Trac 210 was used to monitor eye position in this experiment. The fixation light was illuminated at the beginning of every trial and was extinguished as soon as a response was made or, if no response had been made, within 1,500 msec of target onset, at which time the trial was terminated. In all other respects, the apparatus, materials, design, and procedure were as described for Experiment I.
Results
All participants performed the tactile discrimination task at over 75% correct. Due to potential excessive eye movement for the participants whose eye position was monitored, 6% of the trials were removed. Less than 2% of the trials were removed from the analysis because the participants failed to make a response within 1,500 msec of target onset. The interparticipant mean of the participants' median RTs (after these exclusions), together with the corresponding error rates for all trials, are shown in Table 2 , pooled across the between-participant factors of eye-movement monitoring, and the within-participant factor of target side, since these had no important influences in the analyses described below.
The data were analyzed using a mixed ANOVA, with the between-participant factor of eye monitoring and with three within-participant factors [target side (2) X cuing (2) X SOA (3)]. In the RT analysis, there was a nearsignificant main effect of SOA [F(2,30) 
with the participants responding more rapidly at the 300-msec SOA (M = 593 msec) than at the 150-msec interval (M = 601 msec), presumably reflecting the usual alerting effect as before. There was also a main effect of cuing [F(l,15) = 23.2,p = .0002], caused by the participants' responding more rapidly on ipsilateral trials (M = 592 msec) than on contralateral trials (M = 601 msec) overall. However, this spatial cuing effect reached significance only at the two longer SOAs (see Table 2 ), resulting in an interaction between cuing and SOA [F(2,30) = 5.2, p = .01]. It should be noted that a criterion-shifting account for these RT effects can only be ruled out at the 200-msec SOA, where the participants were both faster and more accurate for targets on the cued side (at the 300-msec SOA, the RT effect was offset by a reverse trend in the error data). The participants also responded more rapidly to tactile targets presented to the right index finger (M= 593 msec) than to the left finger (M= 601 msec), resulting in a main effect oftarget side [F(l,15) = 5.7,p = .03]. This RT effect was also offset by a reverse trend in the error data, making a criterion-shifting account plausible. None of the other terms in the RT analysis reached significance [e.g., for target side X cuing, F( 1,15) =0.0, n.s.; for target side X SOA, F(2,30) = 1.5, p = .23; for target side X cuing X SOA, F(2,30) = 1.1, n.s.], so target side did not influence the spatial cuing effect. An analogous ANOVA on the error data revealed no main effects or interactions.
Discussion
The participants responded significantly faster to tactile targets presented from the same position as the spatially uninformative visual cue than when cue and target were presented contralaterally. Overt orienting cannot account for this result, since the eye movements ofa subset of the participants were monitored, and yet no influence ofthis eye-monitoring factor was observed. The eye-monitored group actually showed a mean cuing benefit that was Spence and Driver (1994) reported that, within audition at least, exogenous cuing effects were much larger when a spatial discrimination task was used than when participants were required to make a frequency discrimination response. It remains a question for further investigation whether a similar increase in cuing effects for tactile targets could also be achieved simply by introducing a spatial discrimination response. For the moment, the two experiments reported so far have demonstrated that the peripheral presentation of both auditory and visual cues results in the exogenous covert orienting of'tactile attention in the cued direction. In Experiment 3, we examined the converse influences: that is, whether spatially uninformative tactile cues lead to the cross-modal exogenous orienting ofboth auditory and visual attention. numerically slightly greater than that for the unmonitored group (mean contralateral-ipsilateral difference of 10 msec overall for the monitored group, relative to 7 msec for the unmonitored group). Given that the RT effect at the 200-msec SOA was matched by a tendency for the participants to respond more accurately on ipsilateral trials than on contralateral trials, a simple criterion-shifting account for these results is also untenable. Hence, this experiment provides the first unequivocal evidence that visual events can exogenously summon covert tactile attention, thus extending the cross-modal influence from audition on touch that was documented in Experiment I.
It is unclear which of the many differences in experimental design between this study and that reported by Tassinari and Campara (1996) are responsible for the fact that an advantage following ipsilateral cues was reported at the 200-msec SOA in the present study, whereas a disadvantage (i.e., participants actually responding more rapidly on contralateral trials than on ipsilateral trials) was reported by Tassinari and Campara at the same interval in their own visual-to-tactile spatial cuing study with a detection measure (see the General Discussion section for a detailed analysis of this point). The important point to note for present purposes is that the continuous/ pulsed discrimination task used here evidently provides a reliable means of measuring the spatial distribution of facilitatory exogenous tactile attention following both auditory cues (Experiment I) and visual cues (Experiment 2).
Nevertheless, it should be noted that the size of the cuing effects reported in Experiments 1 and 2 using the continuous/pulsed tactile discrimination task were somewhat smaller than those typically seen when the targets are in audition or vision (e.g., , 1997 . It may be that the effects of exogenous orienting are simply smaller for touch than for the other modalities. Alternatively, however, these differences may re-EXPERIMENT 3
Uninformative tactile peripheral cues were now presented prior to randomly intermingled auditory and visual targets. We used an adaptation of the orthogonalcuing paradigm developed by Spence and Driver (1994 , 1997 , in which participants are required to judge the elevation (up vs. down) ofrandomly intermingled auditory and visual targets presented from one of two positions (at the same azimuth, but at different elevations) on either side of fixation. In contrast to the simple detection measure used by Buchtel and Butter (1988; Butter et aI., 1989) and to the speeded discrimination of nonspatial dimensions, such as frequency or intensity (e.g., Posner, 1978; , this spatial discrimination of elevation has now been repeatedly shown to provide a sensitive measure of the distribution of both auditory and visual attention (e.g., Spence & Driver, 1997) . Spatially uninformative tactile cues were presented to participants via one of two tactile stimulators placed at the same eccentricity as possible targets on one side and midway between them in terms of elevation (see Figure 3 for a schematic view of the experimental apparatus, as seen from behind the participant's cartooned head). If there are mutual cross-modal links between touch and the other modalities in the control of exogenous covert orienting, then participants should respond more rapidly and/or accurately on those trials where the cue and target are presented from the same side than when they occur contralaterally. Although ipsilateral cue and target stimuli were not actually presented from identical spatial positions in this experiment (they differed in elevation; see Figu~e 3) ,. the distance between cues and ipsilateral target stimuli was much smaller than in Tassinari and Campara's (1996) study, and their eccentricity was equivalent.
Method
Participants. Twenty-one unpaid (5 men and 16 women) nghthanded students from the University of Melbourne were recruited to participate in this experiment. Their mean age was 21 years, With a range of 17-36 years. Twelve of the participants had their eye movements monitored, using the Eye-Trac 200 mfrared monitor. Apparatus, Materials, Design, and Procedure. The auditory targets were presented from anyone of four loudspeaker cones (identical in design to those used in Experiment 1) placed 50 em from the participant at a horizontal eccentricity of 410. There was a pair of these loudspeaker cones on both the left and the right of the participant, each loudspeaker placed 23.5 em above or below ear level. A red LED with a luminance of 64.3 cd/m? was placed next to the center of each ofthese loudspeaker cones to provide a possib e visible target. Auditory targets consisted of a 100-msec burst of white noise presented at 85 dB(A); white noise was chosen because it provides an auditory event that is relatively easy to localize vertically (see . Visual targets comprised the illumination ofone of the four possible target LEDs for the same duration. The up-down decision for the targets required an elevation discrimination of33°.
Equal numbers of auditory and visual targets were presented from each ofthe four possible target positions within each block of trials in a random order, and every target was preceded by a spatially uninformative tactile cue on the same or opposite side. The tactile stimulators used for targets in Experiment I were now used to present the cues, which consisted of the rod in one stimulator being raised for 15 msec on three successive occasions, each separated by 15-msec intervals. The stimulators were situated at an intermediate elevation to the possible target locations on either side. The participants were required to raise the toes briefly in response to auditory or visual targets coming from one of the two upper positions and to raise the heel in response to lower targets. Erroneous responses now elicited simultaneous feedback in the auditory, visual, and tactile modalities. In all other regards, the apparatus, materials, design, and procedure followed that ofExperiment 1. Three of the participants had enough time to complete only four rather than five experimental blocks within their testing sessions.
Results
All participants performed the elevation task at over 85% correct. Less than 6% ofthe trials were removed due to potential excessive eye movement for those participants whose eyes were monitored (remember that blinks sometimes resulted in eye-movement signals that were indistinguishable from actual saccades). Less than 4% of the trials were removed because the participants failed to make a choice response within 1,000 msec of target onset. The interparticipant mean of the participants' median RTs (after these exclusions), together with the corresponding error rates for all trials, are shown in Table 3 , pooled across the between-participant factors of eyemovement monitoring and target side, which did not affect the major results.
The data were analyzed using a mixed ANOYA, with the between-participant factor ofeye monitoring and with four within-participant factors [target modality (2) X target side (2) X cuing (2) X SOA (3)]. In the RT analysis, there was a main effect of cuing [F(1,19) 
caused by the participants' responding more rapidly overall on ipsilateral trials (M = 500 msec) than on contralateral trials (M = 518 msec). There was a near-significant interaction between cuing and SOA [F(2,38) = 3.2, P = .05], reflecting the fact that cuing effects increased at the longer SOAs (mean contralateral-ipsilateral difference of 12 msec at the 150-msec SOA, 19 msec at 200-msec SOA, and 23 msec at the 300-msec SOA). The interaction between modality, cue position, and SOA was also significant [F(2,38)= 4.7,p = .01]. Pairwise comparisons (t tests) revealed that cuing effects were significant for auditory targets at all three SOAs and for visual targets at the two longer intervals (allps < .01; see Table 3 ).
There was also a main effect of SOA [F(2,38) = 12.1, P = .0001], with the participants responding more rapidly to targets when presented at the longer SOAs, reflecting the usual alerting effect. The participants also responded more rapidly to visual targets (M = 481 msec) than to auditory targets (M= 537 msec), leading to a main effect of target modality [F(1,19) revealing that eye-monitored participants responded more rapidly (M = 495 msec) than those in the unmonitored group (M = 524 msec). Although there is no obvious explanation for this result, the important point to note is that eye monitoring did not interact with any of the other factors; ofparticular importance, there was no interaction with cuing [F(1,19) = 0.0, n.s.]. Furthermore, the mean cuing effects were the same (mean contralateral-ipsilateral difference of 18 msec overall) for both the monitored and the unmonitored participant groups. None ofthe other effects or interactions in this RT analysis was significant.
An analogous ANOYA on the error data revealed a main effect of SOA [F(2,38) = 13.6,p < .0001], with the participants making fewer errors at the 150-msec interval (M= 3.7%) than at either of the longer SOAs (M= 5.3% at 200 msec; M= 5.8% at 300 msec). There was also a main effect of cuing [F(1,19) = 9.6,p < .01], caused by fewer errors on ipsilateral trials (M = 4.5%) than on contralateral trials (M = 5.3%), in support ofthe spatial cuing effects in the RT data. None of the other effects or interactions in the analysis of the error data was significant.
Discussion
Elevation judgments for both auditory and visual targets were faster and more accurate for targets appearing shortly after the presentation of a spatially uninformative tactile cue, on the same side rather than opposite side of fixation as the target. These cuing effects were present at all three SOAs for auditory targets and at the 200-and 300-msec SOAs for visual targets (the trend for a similar cuing effect at the 150-msec SOA for visual targets failed to reach significance). These results suggest that the presentation ofa peripheral tactile cue can lead to the cross-modal exogenous orienting of both auditory and visual attention in the cued direction. The fact that no differences were observed between the spatial cuing effects for the two eye-movement groups suggests that overt orienting cannot explain these cuing effects and, thus, that cross-modal covert orienting was responsible instead.
The cuing effect failed to reach significance for visual targets at the shortest SOA (i.e., at 150-msec) in Experiment 3. This time course is somewhat surprising, given that intramodal cuing studies normally show exogenous cuing effects peaking at much shorter cue-target intervals (e.g., , 1997 . However, it should be noted that there are various difficulties associated with comparing the relative size and time course ofcrossmodal cuing effects across different pairs of sensory modalities. First, the physical SOAs reported here may not correspond to the psychological SOAs when cue and target stimuli are presented in different modalities. Simple RT studies have revealed that simple response latencies to visual stimuli are usually longer than to either tactile or auditory stimuli (e.g., Dinnerstein & Zlotogura, 1968; Elliott, 1968; Rutschmann & Link, 1964) . Consequently, the most effective SOA between cues and targets in different modalities may vary as a function of the particular stimulus pairs under investigation (see Spence & Driver, 1997 , for a fuller discussion ofthis point). Second, the magnitude of exogenous cuing effects depends on the intensity ofthe particular cuing stimuli used (e.g., Lambert & Hockey, 1991) . No attempt was made in the present experiments to match the intensity ofthe auditory, visual, and tactile cues, and, in fact, it is unclear whether such a matching procedure can be sensibly done for the present purposes. Given these difficulties, drawing any firm conclusions from the time course of the various cuing effects for different pairs of sensory modalities in the present experiments might be somewhat premature.
GENERAL DISCUSSION
.Our results demonstrate that there are extensive crossmodal links between touch, vision, and audition in the control of exogenous covert orienting. In Experiments 1 and 2, it was found that the speeded discrimination (continuous vs. pulsed) of tactile targets was affected by the prior presentation of a spatially uninformative auditory peripheral cue (Experiment 1) or visual peripheral cue (Experiment 2) on the same versus opposite side as the subsequent tactile target. In Experiment 3, elevation discriminations (up vs. down) for auditory and visual targets were similarly influenced by the ipsilateral versus contralateral presentation of a tactile cue, with better performance on the side of the cue shortly after it. Note that these experiments present a similar pattern of cross-modal results overall to those reported by Buchtel and Butter (1988; Butter et aI., 1989) . However, in contrast to their studies and to the other previous studies ofcross-modal orienting (e.g., Farah et aI., 1989; Ward, 1994) , we were able to rule out various nonattentional explanations for our spatial cuing effects on RT. For instance, any contributions from overt orienting were ruled out (by monitoring the eye position for a majority of the participants), as were criterion shifts (by measuring accuracy as well as latency in speeded discrimination tasks) and response priming (by having the side ofthe cue be entirely irrelevant to the required choice response, unlike several previous lateral cuing studies, where participants made left/right responses to targets following a cue on the left versus right; see Bernstein & Edelstein, 1971; Simon & Craft, 1970; Ward, 1994) . Moreover, since our cues were always spatially uninformative, endogenous mechanisms should not be involved, and our experiments should have isolated purely exogenous covert orienting mechanisms (see note 4).
Since such alternative explanations can be ruled out for our data, the various cuing effects reported here presumably all reflect cross-modal exogenous covert orienting, triggered by the peripheral presentation ofsalient auditory, visual, or tactile events. As such, the present findings extend the previous cross-modal cuing results of Driver (1994, 1997) , who found with similar methodologies that peripheral auditory cues can result in both the intramodal orienting of auditory attention and the cross-modal orienting of visual attention. The results of the present experiments extend those findings dramatically, to reveal additional links between touch, vision, and hearing. To summarize all these data, unambiguous cross-modal links in exogenous covert orienting have now been found between all pairings oftouch, audition, and vision, with the sole exception that uninformative visual cues apparently do not influence the spatial distribution ofauditory exogenous attention when eye movements are prevented (see Spence & Driver, 1997) , a point to which we return later. These cross-modal links in covert exogenous orienting are summarized schematically in Figure 4 .
Our findings on tactile-visual links contrast somewhat with those previously observed by Tassinari and Campara (1996) . We found (in Experiment 3) an advantage for visual targets ipsilateral to tactile cues and (in Experiment 2) an advantage for tactile targets ipsilateral to visual cues at short cue-target SOAs in discrimination tasks. By contrast, in their detection experiments, Tassinari and Campara found that tactile cues had no reliable effect on visual performance at a 200-msec SOA, and that tactile detection latencies were significantly inhibited by the ipsilateral presentation of a visual cue at the same interval, overlapping the SOAs at which we found an ipsilateral advantage.
It could be argued that Tassinari and Campara's (1996) failure to demonstrate any facilitatory effects might have been due to their use ofa simple detection measure (which may be fairly insensitive to the distribution offacilitatory tactile attention; see Posner, Davidson, & Nissen, 1976 , cited in Posner, 1978 , rather than a discrimination task like those in the present experiments, and to the consequent possible involvement of lOR effects (see note 2). Tassinari, Aglioti, Chelazzi, Peru, and Berlucchi (1994) found no early facilitatory effects from a spatially uninformative visual cue on detection latency even for subsequently presented visual targets; instead, they found only significant lOR effects at the majority of SOAs. They argued that the absence of intramodal facilitatory cuing on the ipsilateral side to the cue was not caused by a failure ofthe peripheral visual cue to elicit any exogenous visual orienting toward it, but rather by such facilitatory influences being opposed by rapidly emerging lOR effects, which may have occurred contemporaneously. A similar explanation might also account for the absence of an early advantage on the cued side in Tassinari and Campara's cross-modal study of visual-tactile interactions; that is, cross-modal exogenous orienting effects may have been present at their 200-msec SOA (as found here), but they might simply have been obscured by any opposing lOR effects that would also apply ipsilaterally to the cue if they arose (and which may be more apparent in detection tasks).
Previous research has demonstrated that lOR can affect performance in certain discrimination tasks (e.g., Cheal, Chastain, & Lyon, in press; Pratt, 1995) but not in others (e.g., Pontefract & Klein, 1988 , cited in Klein & Taylor, 1994 , 1997 Terry, Valdes, & Neill, 1994) . Ofparticular relevance is the finding that speeded elevation discriminations within the orthogonalcuing procedure, as used in Experiment 3, showed no trace of any lOR effect in Spence and Driver's previous studies, at SOAs in the range of 100-1,000 msec. As a consequence, response latencies in the present experiment, which utilized similar discrimination tasks, may have been influenced solely by the spatial distribution of facilitatory exogenous attention, producing the observed advantages for ipsilateral trials while being unaffected by any opposing lOR effects.
Cue and target stimuli were also presented from very different positions even on ipsilateral trials in Tassinari and Campara's (1996) study (i.e., tactile stimuli were presented to the participant's shoulder, and visual targets from a screen placed directly in front of them), whereas we made ipsilateral locations across modalities as similar as possible in the present experiments. Driver and Spence (in press) have shown that facilitatory cross-modal cuing effects at short cue-target SOAs dissipate rapidly as cuetarget separation increases; however, effects such as lOR can affect responses to all stimuli presented in a cued hemifield (see Berlucchi, Tassinari, Marzi, & Di Stefano, 1989; Tassinari, Aglioti, Chelazzi, Marzi, & Berlucchi, 1987; Tassinari et al., 1994 ; though also see Maylor & Hockey, 1985, Experiment 2; and O'Donnell & Pratt, 1996) . Therefore, differences between the cue-target spatial separation used in Tassinari and Campara's experiments versus those reported here may also help to explain the discrepancy between the cuing effects reported in the two studies.
For present purposes, the most important point to note is that, whatever the correct explanation for the absence ofipsilateral advantages in Tassinari and Campara's (1996) study, the present continuous/pulsed discrimination task as used in Experiments 1 and 2 and the up/down elevation discrimination as used in Experiment 3 (and in , 1997 ) evidently provide a reliable measure ofthe advantages that can accrue as a function of exogenous covert orienting of attention in the cued direction. As such, these tasks might be profitably used in further studies concerned with the exact nature of the extensive cross-modal links that we have uncovered for the first time here.
Recent studies that have focused on the effects of spatially uninformative cues upon speeded target detection at long intervals following an uninformative peripheral cue have revealed that the phenomenon ofIOR can also occur cross-modally (e.g., Reuter-Lorenz, Jha, & Rosenquist, 1995; Reuter-Lorenz & Rosenquist, 1996; Spence & Driver, 1998a , 1998b , 1998c Tassinari & Campara, 1996) , as we found here for the early facilitatory influences of attention. For instance, Spence and Driver (1998c) used a target-target procedure in which the location of a target on one trial acted as the spatially uninformative cue for the target on the next trial. 6 They reported that the speeded detection of targets in all three modalities was inhibited (at interstimulus intervals of 950--1,250 msec) by the prior presentation of an auditory, visual, or tactile target from the same location, relative to performance on trials where successive stimuli were presented contralaterally. These results suggest that there are intramodal and cross-modal links in lOR between all possible combinations of successive auditory, visual, and tactile stimuli. When taken together with the facilitatory results from the present experiments, plus the audiovisual experiments of Spence and Driver (1997) , it becomes clear that very extensive cross-modal links between audition, vision, and touch affect the processing of stimuli appearing in the various modalities.
These cross-modal links in information processing imply that some degree of spatial integration must arise between the modalities prior to participants making a response, such that common locations are treated as such across the different senses. How such cross-modal coordination ofspatial representation arises is a nontrivial problem, given that information is initially coded in very different coordinates in the various senses. For instance, auditory stimuli are initially coded tonotopically, visual stimuli retinotopically, and tactile stimuli somatotopically, so that there is little in common between a shared location across the modalities at input. However, neurophysiological studies in a number ofspecies have demonstrated that, by the time this sensory information reaches the deeper layers of the superior colliculus (SC), it has been transformed into spatiotopically arrayed "maps" of auditory, visual, and somatosensory space (for reviews see Groh & Sparks, 1996; King, 1993; RE. Stein & Meredith, 1993) . Moreover, these maps are in approximate spatiotopic register with each other and with the motor maps found in the deepest layers, which are associated with overt orienting of the eyes, head, and body (e.g., Groh & Sparks, 1996; Sparks, 1988; R E. Stein, 1984) . Neurophysiological and neuropsychological studies have implicated SC involvement in the subcortical control ofboth overt and covert exogenous orienting both in animals (e.g., Dean, Redgrave, Sahibzada, & Tsuji, 1986; Grantyn & Grantyn, 1982; Knudsen, Knudsen, & Masino, 1993; Kustov & Robinson, 1996; Peck, 1987; Robinson & Kertzman, 1995) and in humans (e.g., Butter, 1987; Ladavas, 1993; Rafal et aI., 1991) .
The majority ofcells in the deeper layers ofthe SC are multimodal (e.g., B. E. Stein, Wallace, & Meredith, 1995) , thus providing one possible neural substrate for crossmodal cuing effects, such as those reported here. Spence and Driver (1997) suggested that intramodal visual exogenous orienting might arise purely in the superficial layers of the SC, where cells only respond to visual stimuli and so would not influence auditory judgments (which could account for the null effect of visual cues on auditory spatial attention). However, if this account were correct, then, by the same argument, visual cues might also be expected to have no effect on the distribution of tactile attention. This tentative prediction is falsified by the results of the present Experiment 2, which provided clear evidence for tactile exogenous covert orienting in response to uninformative visual cues and in the absence of eye movements. However, it should be noted that, although neuroscience interest in recent years has tended to focus on multimodal integration and its implications for spatial orienting within just the SC, there are actually many other neural centers, such as the posterior parietal cortex, the putamen, and the premotor cortex, that also show multimodal spatial integration and may also be involved in the modulation of attention (e.g., Graziano & Gross, 1993 Rizzolatti, Scandolara, Matelli, & Gentilucci, 1981 ; 1. F. Stein, 1989 ).
The pattern of cross-modal findings summarized in Figure 4 may make sense from a more ecological perspective. It could clearly be useful for tactile attention to be directed toward sudden visual events, in order to facilitate manual responses to the seen objects in the environment. By contrast, it is not immediately clear what behavioral advantage would occur from directing auditory attention to the location ofa visual cue. Indeed, many researchers have argued that one of the primary purposes ofauditory localization is the reverse influence: to direct attention toward interesting visual events that may be outside the current field or focus of view (e.g., Aitkin, 1986; Harrison & Irving, 1966; Heffner & Heffner, 1992a , 1992b Perrott, Saberi, Brown, & Strybel, 1990; Pumphrey, 1950) . According to this account, there might be no adaptive advantage in directing auditory attention to a sudden visual event, given that any such event in the field of view will automatically result in an exogenous shift of visual attention in its direction.
It remains for future research to examine whether the cross-modal cuing effects demonstrated here would apply for stimuli presented anywhere on the side ipsilateral to the cue, or whether the cross-modal influences are more spatially specific, such that they only affect stimuli in close proximity to the cue, as recently found for the audiovisual case by Driver and Spence (in press) . A further question is how the visuo-tactile and auditory-tactile cuing effects would be affected by changes in body posture. For example, a question currently under examination in our laboratory is how visuotactile links in exogenous orienting operate when participants are required to cross their hands (i.e., so that the left hand now receives the tactile event from the right side of space, and vice versa for the other hand). It may be that a tactile cue to one side ofthe body always results in cross-modal visual orienting to the same visual hemifield, irrespective of current body position. According to such an account, a tactile cue presented to the left hand might always result in the cross-modal orienting of attention to the left visual field, regardless of whether the hands are crossed or uncrossed. Alternatively, it may be that visual attention is exogenously oriented to the allocentric position of a tactile cue (i.e., irrespective of which part of the tactile epithelium was actually stimulated). According to this view, a tactile cue presented to the left hand should result in the cross-modal orienting of visual attention to the right visual field when the hands are crossed. The latter finding might seem more behaviorally adaptive (and is consistent both with recent neurophysiological data from the receptive fields of bimodal visual-tactile neurons in the putamen in macaque monkeys [Graziano & Gross, 1993] and with behavioral research showing that spatialcompatability effects, such as the Simon effect, are coded in environmental coordinates [e.g., Riggio, Gawryszewski, & Umilta, 1986] ). However, note that it would imply some remapping of somatosensory to retinotopic coordinates (cf. Groh & Sparks, 1996) , perhaps implicating a role for yet another modality in the cross-modal integration that evidently controls exogenous covert orienting-namely, an influence of proprioception, which could indicate the current disposition of the hands. The various cross-modal cuing effects identified here, and the tasks used to reveal them, can hopefully be exploited further to investigate exactly how sensory information in the different modalities is integrated to allow coordination of our attention across the senses, in a manner that is adapted to the complex multimodal environment in which we live.
